Human parainfluenza viruses are important respiratory tract pathogens, especially of children. However, no vaccines or specific therapies for infections caused by these viruses are currently available. In the present study we characterized the efficacy of the novel parainfluenza virus inhibitors BCX 2798 and BCX 2855, which were designed based on the three-dimensional structure of the hemagglutinin-neuraminidase ( The human parainfluenza viruses (hPIVs), which are members of the Paramyxoviridae family, are important respiratory tract pathogens of infants, children, and young adults. Four different types of hPIVs have been identified, all of which cause a spectrum of illnesses of the upper and lower respiratory tracts of children (20, 23, 28) . Annual epidemics of parainfluenza virus infections continue to occur, and the resources required to deal with these infections cost millions of dollars annually (14).
The human parainfluenza viruses (hPIVs), which are members of the Paramyxoviridae family, are important respiratory tract pathogens of infants, children, and young adults. Four different types of hPIVs have been identified, all of which cause a spectrum of illnesses of the upper and lower respiratory tracts of children (20, 23, 28) . Annual epidemics of parainfluenza virus infections continue to occur, and the resources required to deal with these infections cost millions of dollars annually (14) .
At this time there are no effective vaccines or specific therapies to control parainfluenza virus infections.
Parainfluenza virus infection requires the hemagglutininneuraminidase (HN) protein, a major surface glycoprotein that has functional sites for cell attachment and neuraminidase (NA) activity (5) . HN recognizes sialic acid-containing receptors on the cell surface, and this recognition allows the virus to bind to target cells (22) . HN also acts as an NA, removing sialic acid from virus particles and thus preventing self-aggregation of virus and promoting efficient spread of virus (21) . In addition, HN promotes the activity of the fusion (F) protein, thereby allowing the virus to penetrate the cell surface (32, 43) . The F protein is another major glycoprotein that is located on the surface of the virion and plays an important role in parainfluenza virus replication. Early in infection, the F glycoprotein mediates penetration of the host cell by fusion of the viral envelope to the plasma membrane. At a late stage of infection, the protein mediates fusion of the infected cells with contiguous uninfected cells, leading to the formation of a syncytium and the spread of infection in the local area. Many studies have shown that a type-specific functional interaction between HN and F is required for efficient membrane fusion (15, 16) . The binding of HN protein to its receptor induces the conformational change of residues near the hydrophobic surface of the HN protein and, probably, this change triggers the activation of the F protein, which initiates membrane fusion (34) .
The efficient inhibition of the HN protein has to block cell attachment, fusion promotion, and NA activities, thereby preventing both infection by virus and virus spreading. Because of the key role of HN in the infectivity of parainfluenza virus, attention was concentrated on the development of selective inhibitors for the prophylaxis and treatment of hPIV infections. The extensive crystallographic and biochemical studies of the HN protein of Newcastle disease virus (NDV) (8, 33) yielded a high level of structural information for the design of new drug candidates. The resolution of the three-dimensional (3D) structure of the HN of NDV showed that the amino acid residues around the receptor-binding/NA active site are highly conserved and common to all parainfluenza viruses. These findings allowed us to use NDV HN as a model in the structure-based design of potential inhibitors of hPIVs. Previously, this approach was successfully put into practice for the rational design of the highly potent and selective inhibitors of influenza virus NA, zanamivir and oseltamivir (19, 39) . Both compounds were synthesized by using computer-aided design techniques on the basis of the 3D structure of influenza virus NA (41, 36) .
Because of its role in releasing newly formed virions from infected cells, its location on the surface of the virion, and its enzymatic structure, influenza virus NA has been a target for which potential antiviral agents have been developed in recent years. As predicted, zanamivir and oseltamivir, were shown to be high-affinity inhibitors of influenza virus sialidase in vitro and in vivo (25, 31, 41) . Clinical studies have demonstrated the efficacy of zanamivir and oseltamivir against both influenza A and B viruses (12, 13) . Because parainfluenza viruses possess NA activity, too, influenza virus NA inhibitors have been evaluated as possible inhibitors of hPIV HN (41, 42) . However, these agents showed no significant anti-parainfluenza virus activity (concentrations required to reduce the activity to 50% of that of a control [IC 50 ] values exceeded 1,000 M). These data indicated the importance of development of new antiviral compounds by using the rational design of protein structure as we have done in developing new inhibitors of parainfluenza virus HN.
The present study is the first to describe the development and the efficacy of novel and potent parainfluenza virus HN inhibitors BCX 2798 and BCX 2855, which were designed on the basis of the 3D structure of the HN protein. We evaluated the potency of novel agents in vitro and then investigated the efficacy of BCX 2798 and BCX 2855 against lethal parainfluenza virus infection in a mouse model by using rSV(hHN). The hPIVs infect experimental animals poorly (6, 24, 26, 35) . Sendai virus (SV) belongs to the Paramyxoviridae family and causes fatal pneumonia in mice, its natural host (1, 9, 44) . To evaluate the efficacy of both compounds in vivo against hPIVs, we established a mouse model using a recombinant virus. This construct showed biological compatibility of the HN protein of hPIV-1 virus with the F protein of SV in vitro as observed previously (3) and induced strong parainfluenza virus infection in mice. Our results showed that the compounds inhibited the binding and NA activities and growth of hPIVs in vitro and prevented the growth of rSV(hHN) in the lungs of infected mice.
MATERIALS AND METHODS
Compounds. The compounds BCX 2798 and BCX 2855 were developed by BioCryst Pharmaceuticals, Inc. (Birmingham, Ala.), through structure-based drug design based on the structure of the lead compound, Neu5Ac2en (2-deoxy-2,3-dehydro-N-acetyl neuraminic acid) (Fig. 1a) , bound to the active site of NDV HN. Neu5Ac2en inhibits most NAs or sialidases. The structure of the Neu5Ac2en-HN complex revealed that a large cavity around the O4 position of the ligand is lined with amino acids that are largely conserved among all paramyxoviruses (Fig. 1b) . BCX 2798 and BCX 2855 are derivatives of Neu5Ac2en in which the O4 hydroxyl group has been replaced by bulky groups designed to fill the cavity. In BCX 2798 (4-azido-5-isobutyrylamino-2,3-didehydro-2,3,4,5-tetradeoxy-D-glycero-D-galacto-2-nonulopyranosic acid), O4 has been replaced with an azido group, and in BCX 2855 (4-dichloromethanesulfonylamino-5-isobutyrylamino-2,3-didehydro-2,3,4,5-tetradeoxy-D-glycero-D-galacto-2-nonulopyranosic acid), O4 has been replaced with a dichloromethanesulfonylamino group (Fig. 1c  and d) . Analysis of the Neu5Ac2en-HN complex also suggested that a bulkier hydrophobic group could be accommodated in place of the methyl group of the acetamido moiety at C-5. Both compounds therefore have an isopropyl group in place of the methyl group of acetamido moiety at C-5.
The compounds were provided as lyophilized powder and stored at 4°C. They were solubilized in tissue culture medium for in vitro experiments and in distilled water for in vivo studies.
Cells and viruses. LLC-MK 2 cells were obtained from the American Type Culture Collection (Manassas, Va.) and were grown in Eagle minimal essential medium containing 5% fetal bovine serum in a humidified atmosphere of 5% CO 2. The 293T (human kidney epithelial) cells (10) used for the rescue of rSV (hHN) were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum.
The viruses hPIV-1, hPIV-2, hPIV-3, and SV were obtained from the American Type Culture Collection. The rSV(hHN) virus was rescued by using a reverse-genetics system according to the procedure described below. Influenza viruses A/New Caledonia/20/99 (H1N1) and B/Yamanashi/166/98 were kindly provided by R. G. Webster (St. Jude Children's Research Hospital, Memphis, Tenn.).
The hPIVs were grown in LLC-MK 2 cells in Dulbecco modified Eagle medium containing 0.1% bovine serum albumin and 1 g of acetylated trypsin/ml. SV and rSV(hHN) were propagated in the allantoic cavity of 10-day-old embryonated chicken eggs. Virus stocks were divided into aliquots and kept frozen at Ϫ70°C until use. Before the viruses were used in analyses of the putative HN inhibitors, their infectivity titers were determined by endpoint dilution assay (determine the amount of virus in 1 ml that infects 50% of the cells in culture [TCID 50 /ml]). Parainfluenza viruses used in HA inhibition (HI) and NA inhibition (NI) assays were concentrated and purified through a gradient of 30 to 50% sucrose in phosphate-buffered saline (PBS) as described previously (38) .
Rescue of recombinant SV carrying the HN gene of hPIV-1. SV (strain E) was rescued from the full-length SV cDNA genome pSeV(ϩ) (18) . Reverse-genetics methods were used to rescue rSV(hHN), which contains the hPIV-1 HN gene (hHN) instead of the SV HN gene. The full-length cDNA clone of SV was mutated to include an NotI site upstream and an AscI site downstream of the HN gene; thus, the pSV(ϩ)AN plasmid was created. These restriction sites were also added to the hHN cDNA and used to exchange the HN gene. For the rescue of the recombinant virus, 293T cells were infected with the vaccinia virus vTF7-3, which expresses T7 RNA polymerase, and transfected with the full-length rSV (hHN) genome, as well as the NP, P, and L genes in expression vectors (4) . Two days after transfection, the infected and transfected cells were subjected to three cycles of freezing and thawing and injected into the allantoic cavity of 10-day-old embryonated chicken eggs to amplify the virus. The rescued virus was plaque- , and the dilutions were preincubated with a standard dose of virus (four hemagglutination units) for 1 h at room temperature. Chicken red blood cells (0.5%) were added to mixtures containing hPIV-1 or hPIV-2; turkey red blood cells (0.5%) were added to mixtures containing hPIV-3. The 50% hemagglutination end point was read after incubation for 45 min at 4°C. The concentration of the compound that shows 50% agglutination was considered the IC 50 . The results presented are the mean values (Ϯ the standard deviation [SD]) from at least three independent experiments.
NI assay. Before the NI assays were conducted, the activity of each viral NA and bacterial NA (Clostridium perfringens NA; New England Biolabs, Beverly, Mass.) was measured by a standard fluorometric assay with 2Ј-(4-methylumbelliferyl)-␣-D-N-acetylneuraminic acid (MUN; Sigma Chemical Co., St. Louis, Mo.) as the substrate (27) . Briefly, virus was serially diluted (ratio, 1:2) in enzyme buffer consisting of 32.5 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.5) and 4 mM CaCl 2 , and 50 l of each dilution was mixed with 50 l of substrate whose final concentration was 150 M. After 1 h of incubation at 37°C, the reaction was stopped by the addition of 100 l of 0.1 M glycine-NaOH (pH 10.7) in 25% ethanol. The fluorescence of the cleavage product was quantified in a Fluoroskan II spectrophotometer (Labsystems, Helsinki, Finland; excitation wavelength, 355 nm; emission wavelength, 460 nm).
The extent of NI was defined as the concentration of compound required to reduce the NA activity of the treated virus to 50% of that of the control virus. Each compound was diluted (ratio, 1:4), and 25 l of each dilution was incubated for 30 min at room temperature with 25 l of diluted virus whose NA activity was equal to 100 to 150 relative fluorescence units. The cytotoxicity of the compounds was evaluated by the trypan blue vital staining procedure (37) before growth inhibition of the virus was examined. Briefly, BCX 2798 and BCX 2855 were added to LLC-MK 2 cells at concentrations of 0.01 to 100 M. After incubation for 5 days, the cell suspension was mixed with 0.4% of trypan blue, and then the stained (dead) cells and the unstained (living) cells were counted separately in a hemocytometer to determine the percentage of viable cells per milliliter. The concentration of the compound was assumed to be nontoxic if the percentage of viable cells in an experimental suspension (treated cells) was equal to that in a control suspension (untreated cells).
Evaluation of antiviral activity of compounds in a mouse model. Eight-weekold female 129x1/SvJ mice (weight, 18 to 20 g; Jackson Laboratories, Bar Harbor, Maine) were anesthetized by inhalation of isoflurane (2.5%; Baxter Healthcare Corp., Deerfield, Ill.) and inoculated intranasally with 50 l of rSV(hHN). The viral dose used in this study was equivalent to 10 6.5 TCID 50 per mouse and killed approximately 90% of the infected mice. Test compounds were administered intranasally (in a volume of 50 l) twice daily for 5 days; administration began 4 h before inoculation with virus or 24 h after inoculation. BCX 2798 and BCX 2855 (1, 5, 10, 25, or 50 mg/kg per day) were administered to groups of 5 to 10 mice. Control animals were infected but were treated only with PBS. Mice were observed daily for 21 days to detect signs of infection and to determine the number that died and the date of death. The compounds were evaluated on the basis of the prevention of weight loss and death and the length of survival time. The change in weight during infection is shown as the percentage of the mouse's weight on the day before viral infection.
To assess toxicity, we administered each compound (1, 10, or 50 mg/kg per day) to mice intranasally (in a volume of 50 l) twice daily for 5 days. Animals were observed daily for 21 days to evaluate changes in weight and to determine the number of mice that died.
Animal studies were performed in a Biosafety Level 3 facility at St. Jude Children's Research Hospital. All experimental procedures were approved by the institution's Animal Care and Use Committee.
Titration of virus from mouse lungs. At 6, 12, and 18 h or at 1, 3, 5, 7, or 9 days after infection with rSV(hHN), three mice from each group were euthanized. Lungs were removed under sterile conditions, washed three times with PBS, ground, and suspended in PBS (total volume, 1 ml). The suspensions were centrifuged at 2,000 ϫ g for 10 min to clear from cellular debris. Virus titers (TCID 50 /milliliter) were determined by adding 0.1 ml of each suspension, which had been serially diluted (1:10), to LLC-MK 2 cells in 24-well plates. The mean titers Ϯ the standard error of the mean (SEM) are presented.
Pathological studies. Lungs were removed at day 9 after infection with rSV (hHN) and fixed with 10% neutrally buffered formalin for 24 h. After the lungs were embedded in paraffin, they were cut into 5-m sections. The sections were stained with hematoxylin and eosin and then examined microscopically to detect any histopathologic changes.
Statistical analysis. The Kaplan-Meier method (7, 17) was used to estimate and compare survival curves (survival probabilities) of mice in groups that received different treatments (BCX 2798, BCX 2855, or control [PBS] ), that received treatment whose administration began at different times (4 h before inoculation and 24 h after inoculation), and that received treatment at different doses. Survival rates among the groups were compared by using the Fisher exact test. The univariate log-rank test (40) was used to compare the survival curves of control and treatment groups during the first 21 days after the start of infection. The mean day to death was estimated as the number of days that the mice survived after viral infection. If no death occurred during the observation period, the mean day to death was considered to be 21 days. Repeated-measures analysis of variance was used to estimate and compare the effects of compounds on weight changes of infected and uninfected mice and titers of virus from lungs of infected animals. Statistical significance was indicated if P values were Ͻ0.05. The analyses were performed by using SAS software (version 8; Cary, N.C.) (30) .
RESULTS
Inhibition of HI and NA activity and virus replication by BCX 2798 and BCX 2855. We first evaluated the ability of BCX 2798 and BCX 2855 to inhibit attachment (HA activity), release (NA activity), and replication of the parainfluenza viruses hPIV-1, hPIV-2, hPIV-3, and rSV(hHN) in vitro. The results of the HI assays showed that both compounds inhibited the binding of the three hPIVs, although some differences in anti-HA binding activity were observed between the two agents ( Table 1 ). The IC 50 values for BCX 2798 in HI assays with hPIV-1, hPIV-2, or hPIV-3 were within a wide range: 0.1 to 4.8 M. BCX 2798 was ca. 20 times more effective in inhibiting the binding of hPIV-1 and rSV(hHN) than that of hPIV-2 and hPIV-3. The IC 50 values for BCX 2855 (2.0 to 6.0 M) varied less than those for BCX 2798. Although both compounds were equally effective against hPIV-2 and hPIV-3 (range of IC 50 values, 2.0 to 4.8 M), BCX 2798 was 50 times more potent in inhibiting the binding of hPIV-1 and rSV (hHN) than was BCX 2855. BCX 2798 and BCX 2855 compounds were highly specific for parainfluenza viruses: both agents failed to inhibit the HA activity of influenza viruses A/New Caledonia/20/99 and B/Yamanashi/166/98, even when the concentrations of the compounds were as high as 1000 M (data not shown).
The ability of BCX 2798 and BCX 2855 to inhibit NAs of hPIVs was evaluated in NI assays ( the NA activity of hPIV-1 and rSV(hHN) than against that of hPIV-2 and hPIV-3. The lowest anti-NA activity was observed when BCX 2798 was tested against hPIV-3 (IC 50 value, 20 M). BCX 2855 demonstrated equal effectiveness against the NA activity of hPIV-1 and hPIV-2 but was slightly less effective against the NA activity of hPIV-3. As observed in the HI assays, both compounds were equally effective in inhibiting the NA activity of hPIV-2. BCX 2855 was about five times more active against hPIV-3 than was BCX 2798, but BCX 2798 was 30 to 90 times more effective in the NI assay against hPIV-1 and rSV(hHN) than was BCX 2855. Neither compound effectively inhibited the NAs of the influenza viruses A/New Caledonia/20/99 and B/Yamanashi/166/98 or the NA of the bacterium Clostridium perfringens, even when concentrations of the compounds as high as 1,000 M were used (data not shown).
Because the results of HI and NI assays indicated that BCX 2798 and BCX 2855 inhibited the ability of the parainfluenza viruses to bind to and be released from the cell, we hypothesized that the life cycle of the viruses was disrupted by the inhibition of these crucial activities. To test this hypothesis, we evaluated the abilities of BCX 2798 and BCX 2855 to inhibit the growth of parainfluenza viruses in LLC-MK 2 cells. The trypan blue vital staining of uninfected cells treated with either compound showed that neither BCX 2798 nor BCX 2855 were cytotoxic at concentrations as high as 100 M (data not shown).
Both agents were effective in inhibiting the growth of parainfluenza viruses in cell culture: the EC 50 values for BCX 2798 ranged from 0.7 to 11.3 M, and those for BCX 2855 ranged from 1.8 to 11.5 M (Table 1) . BCX 2798 was 6 to 16 times more effective in inhibiting the growth of hPIV-1 and rSV (hHN) than that of hPIV-2 and hPIV-3. BCX 2855 was more active against hPIV-2 and hPIV-3 than against hPIV-1 and rSV (hHN). BCX 2798 was at least 10 times more effective in inhibiting the growth of hPIV-1 and rSV(hHN) than was BCX 2855, but BCX 2855 was better than BCX 2798 at inhibiting the growth of hPIV-2 and hPIV-3 (1.8 to 2.4 M compared to 7.0 to 11.3 M). In general, the results of the growth inhibition study were consistent with those of the HI and NI assays and indicated a high sensitivity of tested viruses to BCX 2798 and BCX 2855 compounds.
Pathogenicity of rSV(hHN) virus in mice.
The hPIVs are strict pathogens of humans and cause no disease in mice. To establish an animal model that can be used for the evaluation of the efficacy of BCX 2798 and BCX 2855 in vivo, we rescued rSV(hHN), in which the HN gene of SV was replaced with that of hPIV-1. Before we tested the compounds in vivo, we determined whether rSV(hHN) is pathogenic in 129x1/SvJ mice. Animals were infected with doses of rSV(hHN) ranging from 10 5 to 10 7 TCID 50 per mouse, and the number of mice that survived (Table 2 ) and the changes in body weight were determined ( Fig. 2A) . All mice infected with the highest dose of virus (10 7 TCID 50 per mouse) lost Ͼ35% of their initial weight and died within 9 days after the start of infection. Only 1 of 15 mice survived infection when an inoculation dose of 10 6.5 TCID 50 per mouse was used. In contrast, 80% of the mice infected with 10 6 TCID 50 of rSV(hHN) survived. Infection with no more than 10 5.5 TCID 50 killed no mice, although weight loss (Յ15% of initial weight) and signs of infection were observed.
To further examine the pathogenicity of rSV(hHN) in mice, we determined the growth of the recombinant virus in lungs of mice infected with different doses (10 5 , 10 6 , and 10 7 TCID 50 ; Fig. 2B ). Titers of virus from lungs collected on days 1, 3, 5, 7, and 9 were determined. The virus titers and the clearance of virus from mouse lungs were dependent on the dose of virus. The highest virus titer (ϳ6 log 10 TCID 50 /ml) was recovered on days 1, 3, and 5 from mice infected with 10 7 TCID 50 . Titers of virus from lungs of mice infected with 10 5 or 10 6 TCID 50 were ca. 10 times lower than those from the lungs of mice infected with 10 7 TCID 50 at the same time points. The virus titers decreased in all groups after day 7, but the decrease was more rapid and significant in groups of mice infected with the lower doses than in those infected with the higher doses. Thus, no virus was detected at day 9 in mice infected with 10 5 TCID 50 , whereas detectable levels of infectious virus (3.5-log 10 TCID 50 / ml) were present in the lungs of mice infected with 10 6 TCID 50 . Despite a reduction on day 7 in the titers of virus from lungs of animals infected with 10 7 TCID 50 , all mice in this group died by day 9.
Because the virus titers reached their peak in the lungs within 24 h after infection, we examined whether replication or the dose of virus contribute to the peak titers on day 1. Mice were infected with 10 6.5 TCID 50 of rSV(hHN), and the titers of virus in the lungs were determined 6, 12, 18, and 24 h after infection. The virus titer 6 h after infection was ca. 100 times lower (10 4 TCID 50 /ml) than the administered dose and increased steadily every 6 h until a peak titer was reached 24 h after the start of infection (data not shown).
We also examined the lungs of mice for histopathologic changes caused by rSV(hHN) at day 9 after infection (Fig. 3A) . Animals infected with a sublethal dose of virus (10 5.5 TCID 50 ) ( Table 2 ) experienced pathological changes in their airways and interstitium. Alveolar spaces were filled with moderate inflammatory infiltrates of lymphocytes, macrophages, and neutrophils, and alveolar edema was present. Fibrin deposition and alveolar necrosis were also observed. The mucosal epithelium in bronchi was hyperplastic, and there were focal areas of mucosal necrosis with sloughing of degenerate cells into the bronchial lumen. Mononuclear cuffing of vessels was prominent. No signs of lung inflammation were seen in mice in the control group that received only PBS (Fig. 3B) .
The results described in this section indicated that the severe illness characterized by weight loss and death reflected the replication of the rSV(hHN) and pathological changes in 
Efficacy of BCX 2798 and BCX 2855 in mice infected with a lethal dose of rSV(hHN).
To determine the efficacy of BCX 2798 and BCX 2855 in a mouse model, we administered the compounds intranasally to mice at dosages of 1.0 to 50 mg/kg per day twice daily for 5 consecutive days. Administration began 4 h before or 24 h after lethal challenge with rSV(hHN) (10 6.5 TCID 50 ). At a dosage as high as 50 mg/kg per day, neither compound showed toxicity in uninfected mice in terms of weight change and survival during the observation period (data not shown).
The duration of survival of infected animals and changes in weight were assessed in our evaluation of the effectiveness of the two compounds in vivo. Both parameters were monitored for 21 days after infection. Changes in body weight on days 5, 7, and 9 after infection underwent statistical analysis. Table 3 shows the results of our analysis of the survival duration and weight changes for groups of mice pretreated with different dosages of either compound 4 h before virus infection.
Comparison of the survival curves of rSV(hHN)-infected mice treated or untreated with novel compounds showed that treatment with either BCX 2798 (5 mg/kg per day) or BCX 2855 (50 mg/kg per day) was protective against lethal infection (P Ͻ 0.05). BCX 2798 at a dosage of 5 mg/kg per day protected 66.7% of infected mice from death at day 21 after viral infection, whereas 86% of the mice in the control group (infected but treated with PBS only) died. The mean day to death for treated mice was 17 days. In contrast, the mean day to death of mice in the control group was 11.3 days. Complete protection against lethal challenge was observed when mice were treated with 10 mg/kg per day of BCX 2798. Unlike mice in the control group, which lost a maximum of 28.6% of their initial weight by day 9, mice treated with 5 or 10 mg/kg per day of BCX 2798 lost a maximum of 22.8 or 15.9%, respectively, of their initial weight by day 7 and began to regain weight by day 9. Analysis of survival curves of mice treated with different dosages of BCX 2798 and BCX 2855 showed that BCX 2855 was less effective than BCX 2798 in protecting mice against lethal infection by rSV(hHN) (P Ͻ 0.05). Only treatment with 50 mg of BCX 2855/kg per day was sufficient to protect 83.3% of infected mice from death 21 days after infection by a lethal dose of virus and increased the mean day to death to 19.3 days. Mice from this group lost a maximum of 17.3% of initial weight.
To determine the effect of the test compounds on virus replication in lungs, we assayed the virus titers from the lungs of infected mice given protective concentrations of either BCX 2798 (10 mg/kg per day) or BCX 2855 (50 mg/kg per day). Treatment began 4 h before inoculation and continued twice daily for 5 days (Fig. 4) . The virus titers in lungs of animals treated with either agent were significantly lower than those of the control mice (infected but treated with PBS only) (P Ͻ 0.05). The virus titers in the lungs of control mice on days 1, 3, and 7 were ca. 10 times greater than those of treated mice on the same days. On day 7, the titers of virus in the lungs of b Differences in weight loss between the group of treated mice and the group of control mice were evaluated by using repeating measures analysis of variations. c The mean day to death was the number of days of survival after the lethal challenge with rSV(hHN). Survival curves were estimated by the Kaplan-Meier method. d The number of survivors differed significantly from that in the control group (P Ͻ 0.05).
treated mice were more than 50 times less than they were on day 5. Our results indicated that the antiviral effects of both compounds were associated with the inhibition of virus replication in lungs.
To assess the potential therapeutic usefulness of BCX 2798 and BCX 2855 against parainfluenza virus infection, we examined the effectiveness of the agents when they were given 24 h after inoculation. The number of survivors and weight changes in the treated groups did not differ from those of the control group (mice that were infected but treated with only PBS) even when the highest tested dosage as 50 mg/kg per day of either compound was used (data not shown). Mice infected with a lethal dose of rSV(hHN) and treated with either compound consistently lost weight, and all died 7 to 10 days after inoculation.
Thus, the results of our in vivo experiments indicated that BCX 2798 and BCX 2855 were effective for prophylactic, but not for therapeutic, purposes.
DISCUSSION
Because of the wide geographic distribution of parainfluenza viruses and the frequency of parainfluenza virus reinfection throughout life, prevention of parainfluenza virus infection continues to be an important public health concern. Our results indicate that the novel compounds BCX 2798 and BCX 2855, whose designs were based on the crystal structure of the HN of the NDV, are specific and potent inhibitors of hPIVs. These inhibitory effects were seen in vitro over a wide range of concentrations of the compounds. The HA activity of parainfluenza viruses was inhibited by either agent at concentrations ranging from 0.1 to 6.0 M; the NA activity was inhibited by concentrations ranging from 0.04 to 20 M, and the growth of virus in LLC-MK 2 cells was inhibited by concentrations ranging from 0.7 to 11.5 M. In general, BCX 2798 demonstrated greater antiviral activity against the HN of hPIV-1 in all in vitro tests. BCX 2855 was slightly more effective in inhibiting the growth of hPIV-2 and hPIV-3 in cell culture. The differences in the inhibitory activity of BCX 2798 and BCX 2855 against various parainfluenza viruses may reflect differences in the active site of the HN protein of the different genera or types. Moreover, the differences between the inhibitory effect of BCX 2798 and that of BCX 2855 against a specific virus reflect the differences in the structures of the two compounds. Insight into these possibilities will come from ongoing structural studies, which will demonstrate in detail the interaction of each compound with the active site of the HN molecule of a specific parainfluenza virus. We speculate that only the azido group at O4 of BCX 2798 was successfully accommodated in the active site of the HN of hPIV-1. The dichloromethanesulfonylamino group at O4 of BCX 2855 seems to be too bulky or too hydrophobic for the compound to efficiently block the HN of tested hPIVs.
One chief aim of the present study was to evaluate the effectiveness of BCX 2798 and BCX 2855 against parainfluenza virus infection in vivo. The absence of significant disease in animals (other than nonhuman primates) infected with hPIVs was overcome by the use of a recombinant SV in which the HN gene of SV was replaced with that of hPIV-1. Our results showed that rSV(hHN), like SV, infect mice causing pathological changes in lungs and as result weight loss and death.
Using the mouse model, we determined whether BCX 2798 or BCX 2855 protected mice against lethal rSV(hHN) infection. When mice were treated with either compound 4 h before inoculation with virus, a dose response (change in weight and number of survivors) was observed. BCX 2798 was more effective in protecting mice against lethal rSV(hHN) infection than was BCX 2855. This finding was consistent with our in vitro experiments, i.e., the antiviral activity of BCX 2798 against hPIV-1 and rSV(hHN) was superior to that of BCX 2855 against the same viruses.
Titration of the virus from the lungs showed that the protection of mice from lethal challenge with rSV(hHN) was due to the inhibition of virus replication in the lungs. Daily treatment of infected mice with 10 mg of BCX 2798 and 50 mg of BCX 2855/kg per day starting 4 h before viral infection significantly reduced the titer of virus in mouse lungs compared to the level of virus titers in lungs of infected animals treated only with PBS (P Ͻ 0.05).
Similar types of inhibitors that block NA activity have been developed against influenza viruses (19, 39) . Two of them, zanamivir and oseltamivir, have been approved by the Food and Drug Administration (FDA) for the treatment of influenza virus infection. In preclinical studies, zanamivir, like our novel anti-parainfluenza virus agents, was administered intranasally to mice. Depending on the strain of influenza virus used, the range of dosages of zanamivir that prevented death in 100% of mice whose treatment began 4 h before inoculation with virus was 1 to 10 mg/kg per day (11, 29, 31) . The similar level of in vivo efficacy for BCX 2798 when tested against rSV(hHN) in the 4-h pretreatment model indicated the potency of BCX 2798 as an inhibitor of hPIV-1. Like zanamivir and oseltamivir, BCX 2798 and BCX 2855 reduced the level of pathogenic virus in the mouse lungs. This reduction suggests that the inhibition of parainfluenza virus HN is essential to prevent lethal infection.
BCX 2798 and BCX 2855 were active only when they were administered intranasally prior to parainfluenza virus infection. None of the mice survived the lethal challenge with rSV (hHN) virus when the administration of these inhibitors began 24 h after infection. Our finding is similar to the earlier observations that the quantity of the viral challenge dose and the timing of treatment with inhibitors of influenza virus NA are extremely critical in determining the effectiveness of the inhibitors in preventing death (2, 29, 31) . The effectiveness of the influenza virus NA inhibitors was significantly reduced when drugs were administered 48 h after lethal virus challenge. The ineffectiveness of the parainfluenza virus HN inhibitors in the delayed (24-h) treatment model could be attributed to the facts that the titers of rSV(hHN) in the lungs reach their peak at this time point and that the virus has spread throughout the lungs before the beginning of therapy. The load of rSV(hHN) in mouse lungs 24 h after infection might have been too high to allow BCX 2798 or BCX 2855 to effectively control the infection.
Overall, the results of our in vivo experiments provide strong evidence of the efficacy of the HN inhibitors BCX 2798 and BCX 2855 in limiting parainfluenza virus infections. VOL. 48, 2004 INHIBITORS OF PARAINFLUENZA VIRUS HN 1501
